A review of broad-band data obtained with quartz torsion accelerometers is presented. Special emphasis is made on the Earth normal mode and seismic frequency regions. Comparison with more conventional instruments is provided where possible.
Introduction
This is a review of broad-band data obtained with quartz torsion accelerometers (1,2,3,4). After a time it is useful to collate material scattered in the literature, show new data and provide comparison with other instruments when possible.
Instrumental details will be omitted (1,2,3) except to say that both horizontal and vertical accelerometers use a quartz fibre in torsion as the elastic element. A capacitance position sensor with phase sensitive detection is used, giving the instrument broad-band response. The instrumental drift has been controlled so that an upper bound is estimated to be 10-l' g/day. This allows the capacitance sensor to be used effectively and precludes rezeroing problems. The temperature and barometric pressure environment is provided as a part of the instrument package. The small size (8 inches outer diameter) of the instrument container allows this to be done conveniently, The small size, environmental control and remote operation make this instrument suitable for borehole deployment. The accelerometers are linear instruments because of their mechanical design and are thus operated with high Q's (20-200) to reduce the low frequency Brownian noise of the mass-spring system as compared to the Brownian noise in a similar critically damped system.
A short description of the active analogue prefilters (2,3,4,5,6,7,8,9) used at the output of the accelerometers is in order (Fig. 1) . These prefilters allow the overall instrumental gain and bandwidth to be tailored to the phenomena sought. They are used simultaneously to divide the bandwidth for study of Earth tides, earth normal mode excitation and seismic events.
The tidal prefilter simply attenuates high frequency signals (5.75 cycle per hour cut-off frequency) but the normal mode and seismic prefilters have net gain in certain bandwidths.
The passband of the normal mode fdter extends from 1 cph to a variable upper frequency of 30, 60, 120 or 180 cph. The gain in the passband is 40 db above the DC level. The normal mode prefilter is usually run with the upper frequency at 30 cph. This choice seems a good compromise between gain and bandwidth. 
FIG. 2.
Comparison of responses to acceleration of seismic prefilter output for quartz fibre vertical accelerometer and Lamont high gain vertical seismometer.
The seismic prefilter is a peaked bandpass filter with half-power points at 60 and 200s and peak at 100s. The gain of this prefilter is variable. This prefilter was designed to give an overall instrument response not unlike that of the Pomeroy long-period seismometers (Fig. 2) . The total response functions of the instrument through these prefilters are plotted along with the open loop accelerometer response in Fig. 1 .
The output of each prefilter (10 volts full scale) is recorded directly on magnetic tape at one-second intervals with a resolution of 16 384 digitizer counts per 10 volts. The rapid attenuation of the prefilters at high frequencies eliminates aliasing in the digitization process.
The qualitative difference between digital recording and analog records is perhaps not appreciated fully. The dynamic range of a digitizer is lo4 while that of an analog recorder is about 100. If notch filtering at microseismic frequencies is used in conjunction with analogue recording, the signal can fall below the recorder resolution and be irretreviably lost. Analogue records are useful for maintaining easily available event catalogues but digital records are indispensable for quantitative analysis.
Teleseismic data
How does this new instrument compare with more traditional instruments in the recording of geophysical phenomena? To this end, the original vertical design was operated at the Ogdensburg, New Jersey observatory of Lamont-Doherty at a depth of 1800 feet in November 1970. The quartz instrument was operated near a Pomeroy type long-period vertical. The data were recorded digitally from both instruments on the same digitizer. Typical teleseismic events observed during a weekend run are shown in Figs 3-6 with Table 1 giving data on the events. The noise levels of the Lamont instrument are comparable with the original quartz vertical but during this test two problems in our instrument showed up; a sensitivity to ambient magnetic fields and a marginal oscillation in the temperature controller. These defects were corrected in the next version of the quartz accelerometer with a consequent lowering of the noise level by about a factor of two in the seismic channel. The origin of the coherent long-period signal in the Lamont instrument is unknown to us and did not appear in our records.
Considerable data was taken at a surface site at the foot of Miramar Naval Air Station, Camp Elliott, San Diego. The final model of the vertical was operated from January to July 1971 at this site. An exhaustive catalog of events seen by the instrument over this time is presented in a companion paper by Timothy Whorf. Typical teleseismic data is shown (7) for both vertical and horizontal accelerometers in Table 1 The events shown in 
FIG.

5.
Continuation of comparison of data from Lamont high
gah vertical seismometer with data from seismic prefilter of vertical quartz fibre instrument. Figs 8-13. Data on these events is collected in Table 2 . A digital high pass filter ( Fig. 7 ) was applied to this data and the results are also shown in Figs 8-13, The major effect of this filter was on the horizontal data which showed a factor of 10 improvement in signal to noise at seismic frequencies (i.e. periods shorter than 45 s). The horizontal surface noise level depends strongly on the local time of day and weather conditions. The horizontal noise amplitude is smallest at night and rises as much as a factor of three during windy and variably cloudy days. If the weather is calm and uniformly overcast, the daytime horizontal noise is as low as at night. These indications lead us to believe that the observed noise level is predominantly real motion or tilt of the Earth. The vertical surface noise level is comparable to that found at depth in the Odgensburg site. The angle a in Table 2 is the angle between the great circle path from source to receiver and the axis of sensitivity of the horizontal.
Event 1 of Table 2 had an angle a of 80" and strong Love wave arrivals were observed. The signal-to-noise ratio on the digitally filtered record from the horizontal was nearly 20 for this magnitude rnb = 4.1 event at a distance of 10". Even after digital filtering, the signal-to-noise ratio on the vertical was only 8. This pattern of high horizontal signal-to-noise is repeated in events 4 and 7, which also showed strong Love waves. Event 7, a body wave magnitude 4.9 earthquake at 44", had a signal-to-noise ratio greater than 30 on the digitally filtered horizontal record.
Events 2, 3 and 6 of Table 2 are examples of earthquakes whose seismic waves arrived along the horizontal's line of maximum sensitivity. For these events, Rayleigh waves were observed on both instruments. Event 2 ( Fig. 9) shows the characteristic Rayleigh wave dispersion on all four traces. Under the assumption that the horizontal signal derives entirely from kinematic acceleration and not from tilt, Fig. 9 can be used to estimate the polarization ratio. When the difference in gain between the two instruments is considered, the ratio of the amplitude of equivalent horizontal acceleration to the amplitude of vertical acceleration at a period of 20s is about 2.6. In general, the signal-to-noise ratio for Rayleigh waves is a factor of two better on the vertical, even after digital filtering. Fig. I1 shows event 5 whose seismic waves arrived at an angle of 39" to the horizontal's axis of maximum sensitivity. No Love waves observed for this event and the signal-to-noise ratio was 6 times larger on the vertical. There is an apparent decrease of the horizontal-to-vertical polarization ratio of the Rayleigh waves with increasing period in this record.
Although the new wide-band horizontal accelerometer is noisy at this surface site, the noise is not in the frequency region of seismic interest. It can be removed by digital filtering. The digitally filtered horizontal records then become a powerful adjunct to the vertical records for purposes of seismic detection. The theoretical power of Love-waves as a source discriminant and an augmented signal-to-noise ratio for events producing Love waves are now available.
It is interesting to examine teleseismic signals and background noise extending from periods of hundreds of seconds to the noise minimum between the microseism peaks. Power spectra and digital band pass filtering of the background noise and a small event will be shown by way of illustration taken at Camp Elliott. Fig. 14 shows the power spectra of the response functions of the vertical and horizontal accelerometers through the seismic prefilter.
The event in Figs 15 and 16 was recorded respectively by a vertical and horizontal instrument in the surface vault at Camp Elliott through the seismic prefilter. This event was near Oaxaca, Mexico (N 15-1", W 96.3") of magnitude M , = 4 -7 on 1971 June 6,02:10:26.9 GMT at a depth of 33 km. The angular distance A from the sensor was 25.9". The angle a between the great circle path connecting the epicentre with Camp Elliott and the axis of maximum sensitivity of the horizontal instrument was 83". On this day, the 18-s microseism peak for vertical acceleration is low and the noise level in the crevice approaches the level of the noise valley between 20-50s, presuming the least count noise of the digitizer is below the background level, a condition easily met with modern digitizers. The horizontal data (Fig. 18) show a similar maximum in the signal to noise ratio near 15 s, but the signal degrades rapidly until there is no discernable signal at 30 s.
The vertical motion noise minimum may vary in amplitude by a factor of 3 above the level shown in Fig. 17 , although for a majority of the time it is clearly discernible and the best place to take narrow-band data.
Digitally recording on magnetic tape, yields a dynamic range of lo4 with the seismic prefilter bandwidth. Analogue means of recording the data can cause a severe degradation of either dynamic range, bandwidth, or both leading to impaired detection capability. For instance, photographic recording of seismic data using a notch filter to reduce the visual contribution of the large 6-s microseisms can degrade the dynamic range by a factor of 100 from the recording method alone. The wings of the notch filter lower the signal level below the recorder threshold further degrading the data. The usefulness of the data between the microseism peaks, where both explosions and earthquakes possess high signal levels, is thus severely limited. Subsequent digitizing of such data cannot recover this loss in dynamic range and bandwidth.
Earth normal mode data
The Earth normal mode prefilter channel provides the gain and bandwidth to examine normal mode excitation from earthquakes. The ambient noise level (i.e. instrument plus site noise) is low enough to allow normal modes to be seen with 20-db signal to noise level about one day a month. This kind of data has been taken for about 2 instrument years. Examples of excitation by medium size earthquakes are shown below for both our original vertical design and the improved design which was used in conjunction with the horizontal in the previous section on teleseismic signals.
At 02:05:35.3 GMT on 1969 November 21, a surface wave magnitude 7.5 earthquake occurred in Sumatra with epicentral location 2.1" N, and 94.6" E and depth of 20 km. Fig. 19 shows a computer plot of the digitized output of the normal mode prefilter of the original vertical accelerometer (Ql) for this earthquake. The vertical scale for this plot applies only for signals in the 1-30cph passband of the prefilter. The first arrival and the large 20-s period Rayleigh waves, which caused the prefilter to saturate, are truncated from the record, whose start time is 04:52:53 GMT, 1969 November 21. The first two Rayleigh wave packets visible are actually the second (R3 and R4) passages around the globe of the two wave groups moving in opposite directions. Since the great circle distance between the epicentre and receiving station is A = 134.1", which is greater than 90", the Rayleigh wave packets seem to arrive in pairs. All wave group arrivals up to the fourth for each direction (R7 and R8) are observed. At the end of the record shown in Fig. 19 , the excitations generated by the earthquake are still considerably above the noise level. Termination of the record was caused by one of the vicissitudes of observational work-a digitizer failure.
A Fourier power spectrum of the 18.5 hr time series from Fig. 19 along with the running mean of the ambient spectrum from the previous day, is shown in Figs 20 and 21. Before being Fourier analysed, the original data, whose sampling interval was 1 s, was digitally lowpass filtered to remove the tides. Both the earthquake and ambient records were reduced in exactly the same way. The running mean of the ambient spectrum is taken over a 1-cph interval. All the spectra are normalized in decibels above g2/cph N 3.6 x g2 Hz-'. The Brownian noise level for the instrument is shown for comparison.
The Sumatra earthquake spectrum rises out of the noise at a frequency of about 5cph. In the regions above 8cph, the signal is typically 30db above the noise. overtone identifications must be considered tentative due to the low signal-to-noise ratio. Because of the density and breadth of the modal lines, the spectrum appears nearly continuous above 25 cph. Fig. 22 shows the normal mode prefilter output for the Mindanao earthquake ( M , = 7.3) complete with the first arrival and the saturated portion. The earthquake origin time was 12:07:09 GMT, 1970, January 10 with epicentre (6.8" N, 126.7" E) at a depth of 73 km. The source receiver distance A is 107.8". Start time of the series is 105552 GMT, 1970 January 10. Rayleigh wave packets R1 and R2 occur within the clipped portion of the plot, and arrivals R3 to R8 (and possibly R9 and R10) are visible in the trace. The lesser characteristic spacing of these packets is 1.3 hr. Towards the end of the record, a small earthquake and a glitch appear. This glitch is due to the jet aircraft noise from nearby Miramar Naval Air Station.
A Fourier power spectrum of the data, taken from section AB of the time series, is shown in Figs 23 and 24 , along with the same smoothed noise spectrum used with the Sumatra earthquake. Under the risky assumption of stationarity, the signal-tonoise ratio between 8 and 16 cph is seen to be about 30 db. Some fundamental normal modes are identified and a detectable periodicity in the spectral envelope of about An example of the improved normal mode performance of the modified vertical design (4) is given in Fig. 25 which shows an earthquake (mb = 6.3) in the Southern Shetland Islands (63.5" S, 61.2" W) on 1971 February 8, origin time 21:04 GMT at a depth of 33 km. The ambient noise before the earthquake is also seen in Fig. 25 . Fig. 26 contains the power spectrum from 15 hr of this earthquake. Zero decibels corresponds to 1 x 10-24g2/cph. The mean of the ambient noise power spectrum is plotted in Fig. 26 . The ambient noise power spectrum is derived from the same length of record used in the earthquake power spectrum and processed in exactly the same way. The power spectrum shows normal mode excitation with 20db or larger signal to noise for frequencies above 6 cph. The ambient noise is clearly lower than that in the Sumatra earthquake records and shows the improvements made in instrumentation.
The San Fernando earthquake (mb = 6.2) interrupted this record on 1971 February 9. The normal mode prefilter record of this event is shown in Figs 27 and 28. Since the accelerometer was near the epicentre, instrumental saturation occurred at the primary event and for the larger aftershocks. Being at the epicentre means that both Rayleigh wave packets arrive simultaneously and the long wavelength, high velocity Rayleigh waves can be seen with minimal interference from the Rayleigh wave packets. The aftershocks seen in Figs 27 and 28 should, by their form and magnitude, yield information on the moment of the event and its source structure. series from 30 to 80 hr after origin time and we see that the high Q modes persist. The ramifications of this data are a long story which is detailed in the reference (8).
SUMATRA EARTHQUAKE
Toroidal normal modes have been observed with the horizontal accelerometer (3) but with significantly lower signal to noise ratio than data gathered with the vertical accelerometers. This is in keeping with the results found at long teleseismic periods where the horizontal's noise increased very rapidly. Typical horizontal data is shown in Fig. 30 from the Chilean earthquake (origin time 21:00:41 GMT, 1971 June 17, 25.5" S, 69-2" W) of magnitude m b = 6-3 at a depth of 93 km. The incidence angle cc is 90.7" and the source receiver distance A is 73.8". Since a is nearly 90", the horizontal motion observed is due to transversely polarized Love waves. Fig. 31 shows a power spectrum of 10 hr of the model prefilter data in Fig. 30 for the Chilean earthquake. The running mean of the ambient spectrum is plotted for comparison. Below 15cph the signal is below the noise level. Above this frequency, definite structure appears in the earthquake spectrum with a maximum of 20-db signal to noise ratio. Some lines in the spectrum are identified as fundamental torsional modes of oscillation on the basis of theoretical calculations. The Brownian noise level of the instrument is very near the 0 db level of Fig. 31 .
No tidal data has been shown for its own merit because, although collected in a routine fashion, no use was made of the data. In conclusion, this is a sampling of the data obtainable simultaneously with these broad-band accelerometers. The next thing to explore is the improvement obtainable in operation at depth in a borehole and the deployment of these systems in a global fashion. 
